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Abstract
The rapid increase of energy use has caused great concerns of resource depleting, greenhouse gas emitting, and economic difficulties. In U.S, building
sector contributes 39% [3] of the total energy consumption, exceeding the other major sectors such as industries and transportation. In order to relieve 
the environmental and economic pressure, high performance buildings are broadly implemented recently because they are energy efficient and have 
less negative impact of the built environment on human health and natural environment. This paper presents the work of the thermal performance 
modeling and analysis for an athletic training facility located at Purdue University, West Lafayette, Indiana. The goal for this study is to predict energy 
consumption of the building for heating, cooling, lighting, and indoor equipment. Furthermore, the study aims to identify sustainable measures to 
reduce energy consumption and operation cost for the new building built based on latest ASHRAE standards. The building modeling was developed
in Designbuilder, a software developed for building performance analysis.  The base case of the building model was in accordance with the design 
standard ASHRAE 90.1-2013. The parametric analyses were conducted to determine possible improved design parameters.  By comparing parametric 
cases, a couple of sustainable design measures were identified to improve building energy efficiency and thermal comfort. As a result, it was found 
that as a building with large portion of curtain wall, the weak point for this building lies on the windows and the tightness of the building. Improving 
window and the tightness can significantly reduce the energy consumption of the building.
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1. Introduction
The usage rate of energy is increasing and becomes unacceptably high these days. Building consumes 39% of total U.S. energy 
and 72% of electricity. [3] In order to relief the environmental and economic stress, high performance buildings are broadly being
implemented. This paper focuses on identifying sustainable measures for a commercial building to reduce energy required by the 
building. Typically, commercial buildings are operated to meet the thermal, visual, and acoustic requirements which are defined in
several regulations such as ASHRAE 90.1 and fire regulation. They also need have an effective building management system to be 
able to monitor the building performance and operate / upgrade building systems. The purpose of this study is to identify sustainable 
design measures to achieve the potential of energy and economic savings for a new commercial building on Purdue Campus-Purdue 
Football Performance Complex (PFPC). It is a new extension attached to the north side of an existing performance training building,
as indicated in fig. 1. The PFPC, the focus of the study, is at northern side of the barn looking building, which is an existing training 
center in the fig.1. The PFPC is planned to be finished in Fall of 2017. The PFPC is located at West Lafayette, Indiana, U.S. in the 
ASHRAE climate zone 5A, where is a heating dominated location with a heating degree days between 5400 and 7200 based upon the 
base temperature of 65°F.[1] The building will be used as the working space for all football team related personnel, including football 
players, coaches, finance office and so on. Therefore, the building includes weight room, office areas, meeting room, medicine room, 
lockers with shower and equipment room. The building will be occupied all year around except winter holidays. To predict energy 
performance of the new extension, a building model has been developed in Design Builder (a building thermal modeling software 
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powered by Energy Plus). The model developed is able to provide the details of the energy consumption of this building including 
heating, cooling, interior lighting, indoor equipment, and hot water supply. It also estimates the heat flux through each surface of the 
building so that the heat loss though each surface could be studied and the sustainable measures could be made and analyzed. A 
comparison of economic and energy savings for each sustainable measure has been conducted in order to identify the most effective 
measure.  
Figure 1. The model developed in DesignBuilder
2. Method
In order to compare the energy and economic savings for each sustainable measure, a base case was developed. This base case 
developed was based upon the design schematic provided by the design team, plus all the materials used for building components in 
accordance with ASHRAE 90.1-2013, as well as some engineering assumptions. The results of base case model include the hourly, 
daily, monthly and annual energy consumption for zone heating, zone cooling, interior lighting, indoor equipment and hot water. The 
model also is able to provide the heat loss or gain through each part of building enclosure. After the base case model was developed, 
eight parametric study were identified for sensitivity study: mass wall thermal resistance, infiltration, emissivity of glazing, heat 
conductance of glazing, roof thermal resistance, below grade wall thermal resistance, slab on grade thermal resistance, and all
improvement combined. Each parametric study stands for one specified improvement and was compared to the base case. With these 
parametric studies, the optimal solution were found and an energy-economic saving will be calculated accordingly.
2.1 Building information
The total area of PFPC is 109,475 square feet. In order to simulate this building, the building is simplified into thirteen thermal 
zones based on location and space function: west lobby, third floor north and south zones, second floor north and south zones, first 
floor north and south zones, mechanic room on the first floor, AHU room in the second floor, coach locker on the second floor, 
weight room locker on the second floor, stairs and equipment room. Among these zones, weight room is an open area from first floor 
to second floor, west lobby is another open area from second floor to third floor. Due to the sloped terrain, one part of the first floor is 
underground and there is no first floor below west lobby. 
2.2 Weather data
Local weather is modeled by using TMY3 Data. TMY, typical meteorological year data, is a set of hourly data of solar radiation, 
air temperature, and other meteorological variables in one-year period, representing typical weather of a certain location. TMY, 
TMY2 and TMY3 are three data currently available and TMY3 is the latest format containing typical weather data for more than 
1020 locations around the world. This data is widely used for the simulation of weather condition. 
2.3 Assumptions
Many assumptions were made during the model development. The building infiltration rate was assumed to be the typical value, 
0.7 air change per hour (ACH), a measure of the air volume exchanged in a space. 0.7 ACH means 70% of the air volume in a 
building space would be exchanged by outside air through the gaps and cracks on the building envelope within one hour period. The 
building material of the base case was in accordance with ASHRAE 90.1-2013 requirement for climate zone 5A. The detailed 
materials used are listed in model section. According to local condition, the zone cooling, interior equipment, interior lighting for the 
building were assumed to be powered by electricity from grid at the average rate of $0.06/kwh. Heating and hot water consumes 
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natural gas at an average rate of $3.5/MMBTU. The utility price varies every year also depend on seasons, other than that, Purdue 
University own a power plant, therefore the detailed utility price calculation could be complex. In order to simplify the calculation, 
this paper will assume these price as a constant value. The convert factors for the electricity and for natural gas to primary energy
were assumed to be 3.067 and 1.047, respectively. Other detailed assumptions will be provided in the model section. 
3. Model
3.1 Construction for building enclosure
The constructions for building enclosure in the base case complies with ASHRAE 90.1-2013, table 1 lists the detailed information 
of the materials of the constructions for roof, wall, slab, and glazing of the building enclosure.   
Table1. Building envelope materials [1,2]
3.2 Heating and cooling in zones [1]  
HVAC system was modeled as Fan-coil unit (4-pipes), auxiliary energy is assumed to be 4.77 kWh/ft2. Boiler modeled as Gas-
fired condensing boiler, chiller is modeled as DOE-2 Centrifugal with 5.5 of COP. It is assumed that zone cooling consumes the 
electricity from the grid and zone heating consumes natural gas. Distribution system also consumes grid electricity. Operating 
schedule complies to campus schedules with setback during night, weekends and holidays, as listed in table 3, preheat hour was
assumed to be 1 hour. There is no humidity control available in this study. Table below shows the detailed HVAC system 
information.
            Table2. HVAC system information
Thermal Efficiency / COP Max./Min. supply air temperature (°F)
Max./Min. supply air humidity 
(lb/lb)
Heating 0.83 95 0.0156
Cooling 1.67 53.6 0.0077
Minimum R value Maximum U value
Material used
hr·ft2·°F/Btu Btu/(hr·ft2·°F)
Roof R-20 U-0.048
30mm(0.75 in)
132mm (5.2 in) Expanded Polystyrene
2.85mm (0.118 in) steel
Mass wall R-11.4 U-0.09
  
100mm (3.9 in) face brick, 50mm (1.97 in) air gap, 50mm 
(1.97 in) stone wool and 100mm (3.9 in) concrete block
Wall below grade R-7.5 \ 
38mm (1.5 in) Metal Framing, 600mm (24 in) On Center, 
25mm (1 in) metal clip.
Slab-on-grade heated 
horizontal 300mm
R-15 \ Heated, fully insulated. 
Swing door \ U-0.7 U-0.69
Vertical Glazing \ U-0.45
Double clear 6mm/13mm argon filled glazing (U-0.449) 
with 85% glazed curtain wall layout
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Set points for each zones extracted from ASHRAE 90.1 were based on the function of each zone. Below are the detailed 
temperature set points for each zone. 
                           Table3. Temperature set point  [1] 
Area
heating set point °C 
(°F)
heating set 
back °C (°F)
cooling set point °C 
(°F)
Cooling set back °C 
(°F)
Office 21 (69.8) 12 (53.6) 24 (75.2) 28 (82.4)
Locker 22 (71.6) 12 (53.6) 25 (77) 28 (82.4)
Weight room 18 (64.4) 12 (53.6) 25 (77) 28 (82.4)
equipment room 20 (68) 12 (53.6) 23 (73.4) 28 (82.4)
Lobby 20 (68) 12 (53.6) 23 (73.4) 28 (82.4)
Mechanic room 0 (32) 0 (32) 25 (77) 28 (82.4)
Common space, corridor 20 (68) 12 (53.6) 23 (73.4) 28 (82.4)
4. Result: Energy usage for the base case
After the building was modeled, energy consumption for the building was predicted for an entire year. The annual energy 
consumption for the building is 3,952,180 kWh (13,485 MMBTU), including zone heating, zone cooling, interior lighting, indoor 
equipment and water heating. Fig. 2 shows the detailed end use for each section.
Section kWh
Heating 1494135
Cooling 1018640
Interior Lighting 961207
Interior equipment 372228
Hot water 105969
Sum 3952180
Figure 2. Annual Energy end use break down for the base case
As Fig. 2 indicated, heating is the largest portion of energy consumption for this building, which is mostly because of the climate 
condition. cooling and interior lighting also consumes a lot of energy as the second and the third large consumers. Since the heating 
and cooling are related to seasons, heating and cooling loads were break down on basis of month, as shown in Fig.3. 
Month Cooling (kwh) Heating (kwh)
Jan -1200 439733
Feb -998 373018
Mar -7226 139048
Apr -16145 43672
May -50492 15509
Jun -104662 1052
Jul -169941 34
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Aug -151508 0 
Sep -79771 11391
Oct -18041 57316
Nov -9553 142394
Dec -22 575794
Figure 3. Monthly heating and zone cooling load
From Fig. 3, it can be observed that the building is located at a heating dominated location with five heating months, three cooling 
months, and four shoulder months. It can be concluded that the energy improvement should be focused on reducing heating energy 
consumption. However, this is about site energy saving. Source energy, which contains a greater impact on the environment, could be 
quite different, as addressed in the next section.
5. Analysis
In this part, building energy consumption was break down to the parts due to each contributor, which could give the details of the 
feature of the building energy consumption. A parametric study was then conducted to find the most efficient method to reduce the 
energy consumption of the building. The parametric study includes nine cases include the base case, seven cases for each component
of building envelope, and one case combined all the seven.
5.1 Heating load analysis
A heating load analysis was conducted for the peak heating condition, outside dry bulb temperature at 0 °F, no solar gain, as it was 
before dawn on January 21th at 6:00am. The heating load analysis broke down the total heating loss into the heat loss through each 
component of the building envelope. Fig. 4 shows the detailed heat loss breakdown. This is not a completed table, some components, 
such as heat transfer between slab and the ground and heat transfer though below grade wall was not shown due to they are small and 
relatively small.
Component Heat Loss kWh (kBtu/h) 
Glazing 236 (806)
Wall 495 (166)
Roof 35 (121)
External infiltration 767 (2618)
External ventilation 959 (3272) 
Figure 4. Peak heating load breakdown in base case
As indicated in fig. 4, the largest portion of heat losses are external ventilation and external infiltration. External ventilation is the 
heat loss due to conditioning the fresh air, it can only be related to the efficiency of the mechanical system, which is out of the scope 
of this study. The external infiltration is the 2nd large contributor. The infiltration rate used in the base case is 0.7 ACH, this value can 
be improved by making the building tighter. The glazing portion also make a great contribution to total heat loss. This portion of heat 
loss can be reduced by improving the U value, overall heat transfer coefficient. 
5.2 Cooling load analysis
Similar to the heating load, a cooling load analysis was conducted at the peak cooling condition, outside dry bulb temperature at 
91 °F on July 26th at 2:00 pm. Similarly, the cooling load was broken down into a series of heat gain through building envelope and 
the building occupancy. Figure below shows the detailed cooling load analysis. 
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Component Heat gain kWh (kbtu/h )
Glazing 60 (204)
Wall 43 (146)
Roof 49 (166)
External infiltration 115 (394) 
lighting 90 (306)
Equipment 62 (212)
Occupancy 71 (241)
Solar gain through window 313 (1069) 
Figure 5. Peak cooling load breakdown in base case
For the peak cooling, the largest portion of heat gain is solar transmittance through the window. This portion can be reduced by 
decreasing solar radiation through the glazing. Reduce the emissivity value or increase the reflectivity value are efficient way to 
reduce the solar gain through window. The most common method used is use low-e coating on the glass. External infiltration is the 
second largest portion for heat gain. The method to improve infiltration is been discussed in section 5.1. 
5.3 Parametric study
In order to find the efficient methods to improving the thermal performance of the building, a parametric study around the material 
and building infiltration was conducted.
5.3.1 Parametric study setup
This parametric study included nine cases include one base case, seven cases that one parameter has been improved at one time,
and one case combined the seven parameters. These parameters are specially picked due to their impact on building thermal 
performance, as mentioned in 5.1 and 5.2.  Table 4 shows the details about the parametric study. 
Table 4. Improvement for each parametric study case. 
Case Improvement Method to achieve improvement
Case 1 Base case \ 
Case 2 Exterior wall R-13.3 Increase the thickness of the insulation layer by 12.5 mm(0.5 inch)
Case 3 Infiltration set as 0.5ach Seal the gaps, cracks, and holes 
Case 4 Low-e window Reduce the emissivity to 0.1 for interior surface of the window glass
Case 5 U-0.35 window
Replace the double panel window by triple panel clear 3mm/30mm air for mid-pane 
blinds window
Case 6 Roof R-30 Replace the insulation layer with 6 inch foam-polyurethane
Case 7 Below grade wall R-10 Replace R-7.5 insulation board by R-10 insulation board as interior insulation
Case 8 Slab on grade R-20 Replace R-15 insulation board by R-20 insulation board as exterior insulation
Case 9 All Combined Conduct all the method above
5.3.2 Energy saving comparison
In order to observe the impacts on heating and cooling load from the improvements made, a comparison on the annual heating and 
cooling load was conducted. Fig.6 shows the comparison in details.
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Case
Cooling 
MWh 
(MMBtu)
Heating MWh 
(MMBtu)
Total MWh 
(MMBtu)
Base 1019 (3476) 1494 (5098) 2513 (8574)
Wall R-13.3 1013 (3457) 1473 (5025) 2486 (8482)
0.5 infiltration 960 (3276) 1148 (3918) 2108 (7194)
Low-e U-0.45 810 (2763) 1531 (5224) 2341 (7987)
normal e U-0.35 945 (3223) 1416 (4830) 2360 (8053)
Roof R-30 1017 (3470) 1489 (5082) 2506 (8552)
Below grade wall R-
10
1017 (3470) 1489 (5079) 2505 (8549)
Slab on grade R-20 1020 (3479) 1488 (5076) 2508 (8556)
All 758 (2586) 1090 (3719) 1848 (6305)
Figure 6. Comparison on annual heating and cooling load 
Fig. 6 shows the annual energy consumption for both heating and cooling with the percentage of the increase or decrease for each 
improvement made. It can be observed that the infiltration rate has the greatest impact on reducing the heating load and low-e glass 
has the greatest impact on reducing cooling load as it can directly reduce the transmitted solar gain. Also, the heating load can be 
increased a little bit when low-e glass is applied. The reason is low-e glass reduces the solar radiation gain through window, which is 
positively contributed in the heating in winter. As it decreases, the heating system has consumed more energy to make up that loss. 
Lighting energy consumption might also increase since low-e glazing would allow less daylight into the building as low-e glazing 
allows less daylighting entering the building. But the amount of solar incidence is much smaller in winter, and the daylight gain was 
much higher than the highest daylighting demand (430 lux), in addition the area can apply daylighting control is limited, therefore 
installing low-e glass still reduces the annually energy consumption after all.
Heating and cooling can be presented by using not only the site energy but also source energy, which can reflect the impact on the 
environment directly. Therefore, a comparison on source energy consumption for each parametric study case was conducted. Fig.7
shows the results of the comparison. 
Figure 7. Source energy comparison for parametric study
As indicated by fig. 7, source energy reduction does not follow similar trend as site source energy reduction. For example, 
although improving the infiltration can achieve a lower annual energy consumption in fig. 6, it does not cause the lowest source 
energy consumption because the source factor for electricity used for cooling is higher than the source factor for natural gas used for 
heating. As a result, low-e glazing is the most sustainable measure.
5.3.3 Economic saving comparison
In order to see the feasibility of the proposed measures, a comparison on economic saving was conducted. This comparison was
based on the assumption of $0.06/kwh for grid electricity and $0.35/therm ($3.5/MMBTU) for natural gas. Total cost includes 
electricity for zone cooling, interior lighting, indoor equipment, and natural gas for zone heating and hot water. The figure blow 
shows the detailed economic saving comparison. The material costs are calculated based on ISO 13790, a calculation method to 
estimate the annual energy and building material cost of building. [4] The calculation is conducted by Designbuilder. The cost of 
reducing infiltration is excluded in the economic calculation due to it is more related to the construction and hard to estimate.
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Table5. Economic estimating
Electricity Cost ($) Natural Gas Cost ($) Total Cost ($)
Saving per 
year($)
extra cost 
($)
Payback 
year
Base 84566 30009 114575 \ \ \ 
Wall R-13.3 84233 29687 113920 654 34668 53
0.5 inf 81048 25179 106227 8348 \ \ 
Low-e U-0.45 72038 27954 99992 14582 65109 4 
Normal-e U-0.35 80124 28187 108311 6264 46811 7 
Roof R-30 84467 29933 114400 175 180410 1033
Below grade wall R-10 84458 29921 114379 196 4162 21
Slab on grade R-20 84629 29945 114573 1 95207 71024
All 68914 22066 90980 23594 \ \ 
Table5. shows the economic savings for each case. Among these cases, low-e glazing is the most promising sustainable measure 
at economic aspect owing to it $14,582 of savings per year with 4 year of payback year. Improving the glazing conductivity and 
reduce infiltration are also cost effective.
6. Conclusion
It is found that the building in accordance with the latest ASHRAE standards could achieve a great potential for energy and 
economic savings by using different sustainable measures. For the studied building, the most sustainable measure is the application 
of low-e glazing, which would greatly reduce the solar incidence transmitted through the glazing. This would result in a lower solar
heat gain and directly lower the energy consumption for building cooling. This measure is also the most cost effective since the 
electricity is much more expensive than natural gas, which is typically used for zone heating. Other feasible options are the reduction 
of the infiltration and the improvement of the conductivity of glazing façade. Reducing infiltration can be achieved by making 
building tighter although this could be relatively difficult for a building with large portion of glass as envelope. 
This study is also limited by the studied building. As the building contains more than 80% of glass as envelope, the large area of 
glass gains a large amount of the solar heat, which requires more cooling power to deliver thermal comfort to spaces and also 
introduces great amount of infiltration. In addition, the climate zone of ASHRAE 5A is a typical heating dominated area, so that a 
large amount of heating demand is reasonable for the location. Although the study are limited by the availability of the detailed 
design, the method used in this study is sufficient for analyzing any existing or planning building to assist in the design.
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